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xABSTRACT
Nie, Yizhou M.S.A.A, Purdue University, August 2016. Cyclic Tensile Response of a
Polyurethane Material. Major Professor: Weinong Chen.
Polyurethane is one of the most widely used polymer materials in the world. With
the increasing demand of polyurethane, its mechanical behaviors are particularly of
interest. In particular, the response of the material under a quasi-static loading being
subject to an impact load. To delineate the effect of rate change on the mechanical
response of polyurethane, a tensile experiment was designed where the specimen is
initially subjected to quasi-static tensile loading and then to high-rate cyclic tension
within the same experiment. Constant strain-rate experiments at both quasi-static
and high strain rates are also conducted. The analysis of the results leads to the
precise determination of rate effects on the tensile behavior of this material. Finally,
the strain rate sensitivity for this polyurethane material is observed.
11. Introduction
1.1 Polyurethane Materials
With the rapid development of science and technology, polymers become increas-
ingly popular among structural materials. According to the difference in microstruc-
ture, polymers can be classified in three categories. They are thermoplastics, such as
polymethyl methacrylate (PMMA), thermosets such as epoxy resins and elastomers
such as polyurethane (studied in this thesis). Thermoplastics can be molded into any
shape because they become soft when heated and hard when cooled. Thermosets
form permanent chemical bonds during the curing process so they are irreversible.
Elastomers are generally more flexible and resilient if compared with thermoplastics
and thermosets.
Polyurethane was first being introduced by Otto Bayer and his coworkers at IG
Farben in Leverkusen, Germany in 1937. It was made to replace the existing rubber
that was made by polymerizing olefins or by polycondensation [1]. Later in 1954, the
commercial production of soft polyurethane foam began.
Polyurethane is one of the polymers in the class of compounds named reac-
tion polymers, which consist of epoxies, unsaturated polyesters, and phenolics [2].
Polyurethane is traditionally and most commonly produced by reacting a di- or poly-
isocyanate (containing two or more isocyanate groups per molecule R(N=C=O) n
2) with a polyol containing on average two or more hydroxyl groups per molecule
(R’(OH) n2) in the presence of a catalyst or by activation with ultraviolet light [3].
Fig.1.1 shows the chemical synthesis of polyurethane.
The types of isocyanates and polyols used to make polyurethane play an important
role in the properties of the product. Polyol contains long, soft segments, which will
make the polymer more elastic. While isocyanates contains hard segments.The hard
2Figure 1.1. The synthesis of polyurethane. Reproduced with permission from [4].
segment domains in polyurethane serve as cross-links between the soft segment do-
mains. A formulation with short chains and high amount of crosslinking contributes
to stiff polymers. For example, in order to make foams, the raw material with long
chains and less crosslinking is generally preferred because it allows the polymer to
withstand large deformation. The crosslinking in polyurethane means the microstruc-
ture of the polymer has 3-D network and single molecular weight is high. Therefore,
the various choices of isocyanates and polyols offer a very wide range of properties of
polyurethane. The additives and specific manufacturing conditions further improve
its versatility and make the material suitable for any specific application.
1.2 Strain Rate Sensitivity
Many materials have been found strain rate sensitive behaviors when under differ-
ent loading conditions. While increasing the tension or compression rate, the material
properties, such as modulus, yield strength, maximum strain and stress as well as fail-
ure mode will change accordingly [5]. Existing research shows that a phenomenon
named viscoelasticity is one of the contributors of rate sensitivity. Viscoelasticity is
3the property of materials that exhibits both viscous and elastic characteristics when
undergoing deformation [6]. Some soft materials show significant strain rate sensitive
behaviors, if compared with brittle materials. This is because the viscoelastic mate-
rials have both properties of viscosity as well as elasticity and softer materials can
flow more easily.
Polymers are mostly considered rate dependent materials. Fig. 1.2 demonstrates
the stress-strain behaviors of a polyurea material at different strain rates.
Figure 1.2. A comparison of the tensile test data of polyurea [7] with
compression data at comparable strain rates. [5]
A rate-dependent material has following properties: hysteresis, stress relaxation
and creep [6]. Hysteresis is caused by material internal friction. From a stress-strain
curve with loading and followed by unloading, the center area of the hysteresis loop is
the dissipated energy. Fig. 1.3 shows a series of stress-strain curves of a polyurethane
4Figure 1.3. Stress-strain behavior of three polyurethanes at cyclic uni-
axial compression tests at engineering strain rate 0.063/s. N indicates
cycle numbers. [8]
under cyclic loading and unloading. When under loading, the stress of the sample will
be along the top curve of each loop. While under unloading, the stress will be along
the lower curve of the corresponding loop. The stress and strain relationship can
be found not linear in Fig. 1.3, which indicates the Hooke’s Law does not perfectly
apply in this case. In terms of force, the material is harder to compress when it is
being loaded than when it is being unloaded. More energy is required to compress
the specimen than to unload it. The excessive energy is dissipated and becomes heat,
which softens the material as temperature in the material rises. Elastic hysteresis is
5more obvious to be observed if the experiment is done in higher rate [9]. Some hard
materials such as metals do not exhibit elastic hysteresis under a quasi-static load,
while polyurethane shows a high degree of elastic hysteresis.
Figure 1.4. (a) Applied strain history for stress relaxation tests; (b)
true stress-time curve for uniaxial compression test with a number of
intermittently stops. (c) True stress - true strain curve for the same
test. [10]
6Stress relaxation is the phenomenon that material stress can be observed de-
creasing despite the same level of strain generated in such material. This is due
to maintaining the material in a certain strained condition for a finite interval of
time. As a result, it will cause some amount of plastic strain. Therefore, stress re-
laxation describes how polymers relieve stress under constant strain [6]. The stress
relaxation will be affected by several non-material parameters: magnitude of initial
loading, speed of loading, temperature, loading medium, friction and wear as well as
long-term storage [11].
In Fig. 1.4, an example of stress-relaxation tests on a thermoplastic polyurethane
is presented. The sample is compressed at a strain rate of 0.1s−1. At strains of 0.2, 0.4,
0.6 and 0.8 during both compression and unloading, the test will pause with a holding
period of 60 s, as shown in Fig. 1.4(a). These intermittent stops are introduced to
observe the time dependence of stress response. Fig. 1.4(b) shows the true stress-time
history during the test. After each loading, the stress was observed to decrease at
the holding strain; while after each unloading, the stress was observed to increase
at the holding strain. The stress has the trend to approch the equilibrium stress of
the material during the holding periods, indicating the material time-dependence of
stress. Fig. 1.4(c) shows the true stress-true strain history of the sample during the
entire loading and unloading. Stress relaxation is clearly shown in this figure as well
as the phenomenon of elastic hysteresis.
Stress relaxation also occurs in other materials such as rubbers. Fig. 1.5 is the
relationship between stress and relaxation time of a Chloroprene rubber. It indicates
that the rate of stress decreasing in loading, or increasing in unloading towards the
equilibrium state is a decreasing function of time [12]. It can also be observed that
the rate of approach is nearly proportional to the logarithm of time, which is well-
predicted by Maxwell model [13] with the stress-time relationship of
σ = σ0exp(−t/τ) (1.1)
In the above equation, σ0 is the initial stress before relaxation and τ is the time
constant which is related to material properties.
7Figure 1.5. Stress relaxation test on a Chloroprene rubber with 40
pph carbon black, the relaxation time is 10 min. [12]
Creep is the tendency that a solid material deform slowly under a long-term
constant stress. It is different from stress relaxation because when it comes to creep,
the stress in the material does not change but deformation can be observed. The
deformation rate depends on material properties, exposure time, temperature and
the stress state of the material. Instead of occurring simultaneously when a load is
applied to the material, creep starts as a result of long-term stress. Therefore, creep
is also one of the properties of rate dependent materials.
81.3 Kolsky Bar
Most material properties are well studied at quasi-static strain rates [14]. How-
ever many materials, especially viscoelastic materials, are already known to have
very different behaviors under quasi-static and dynamic conditions. Therefore it is
essential to understand the dynamic behaviors of those materials. In order to obtain
the mechanical response of materials deforming at high strain rates, a specifically
developed characterization tool is required. A Kolsky Bar, also widely known as a
split-Hopkinson pressure bar (SHPB), is such a tool that can be used for experiments
performed at high strain rates (102 − 104 s−1) [14].
A conventional Kolsky compression bar is shown in Fig. 1.6. The apparatus
consists of a loading device, an incident bar, a specimen, a transmission bar and a
data acquisition system.
Figure 1.6. A Conventional Kolsky compression bar
When start doing an experiment, the high pressure air in an air tank is suddenly
released and push the projectile, which is also called a striker, to impact an incident
9bar. The impact will generate a compressive stress pulse with certain pulse length
in the incident bar that propagates along the bar to the specimen. Additionally, the
impact will also generate a compressive stress pulse in the striker from the interface
which travels away from the incident bar. This compressive pulse will soon be reflected
back at the free end of the striker as a tension pulse and becomes an unloading pulse in





where L is the length of the striker and Cs is the elastic wave speed of the striker
material. If the material and cross sectional area of the striker and the incident bar
are the same, the incident pulse is double the length of the striker. The elastic wave






If the striker, incident bar and transmission bar all have the same material and
cross sectional area, the impact of the striker will generate a square incident stress
pulse. The stress amplitude of this pulse σI is a result of impact velocity vs, bar












When the incident stress pulse travels to the interface of incident bar and the
specimen, part of the stress propagates through the specimen and to the transmission
bar. The rest of the stress pulse is reflected back at the interface as a tensile pulse.
Both of the incident and the reflected pulses are measured by the strain gages on the
incident bar in the form of bar strain. Similarly, the transmitted pulse is captured by
the strain gages on the transmission bar.
10
Figure 1.7. Specimen section of Kolsky bar
At the interface of the specimen and the bar, the particle velocity is the same (Fig.
1.7). Given the assumption that there is no dispersion during the wave propagation,
the particle velocity of both bar ends at their interfaces can be calculated by
vI = CB(εI − εR) (1.6)
vT = CBεT (1.7)
where εI , εR and εT are the strain of incident, reflected and transmitted pulses,
respectively. Since the specimen deformation can be related to these two bar end







(εI − εR − εT ) (1.8)
where LS is the specimen gage length. The strain of the specimen can be calculated









(εI − εR − εT )dt (1.9)
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At either interface, force shall be in equilibrium. This means the force in the bar
side always equals to the force in the specimen side. Then the stress at both sides of




· EB(εI + εR) (1.10)
σ2 = σ1 · εT
εI + εR
(1.11)
Given that a Kolsky bar experiment is valid only when the specimen is in stress
equilibrium, the stress σ1 and σ2 should be equal to each other. Therefore the strain
can be related from (1.10) and (1.11).
εT = εI + εR (1.12)
Based on the stress equilibrium relationship above, the equations of specimen













1.4 Kolsky Bar Techniques for Large Material Deformation
The advantage of Kolsky bar is that it can provide consistent material responses
at a constant high strain rate. However, a conventional Kolsky bar experiment can
only reach a limited amount of material deformation. Here a typical Kolsky bar com-
pression test is taken as an example. Fig. 1.8 shows the signals of both strain gages
on the incident and transmission bars, which are directly recorded by the oscilloscope
in an compression tests with the same experimental setup as introduced in Section
1.3. The strain of the specimen that can be reached in one pulse is calculated by
the integration of strain rate, while the latter is proportional to the amplitude of the
12
Figure 1.8. Typical records from a Kolsky compression bar experiment
reflected pulse. Therefore either increasing the duration or the amplitude of the re-
flected pulse can effectively increase the strain of the specimen in one pulse. However,
the strain rate of an experiment is proportional to the amplitude of the reflected pulse
and is usually pre-determined according to the experimental plan. The only method
is to increase the duration of the reflected pulse, which can be realized by increasing
the length of the striker. This method is technically feasible but also has limitation
that the length of the striker is still restricted by the laboratory space and the gas gun
capacity. In the case of conducting experiments at low strain rates of 100/s− 500/s
or in a tension experiment with a soft specimen of which the maximum engineering
strain can reach 300% - 1000%, it can be very difficult to reach a large sample strain.
Therefore special experimental techniques are necessary for the conventional Kolsky
bar setup.
13
Albertini et al (1997) [15] reported a large Hopkinson bar technique. Fig. 1.9
shows the basic configuration of this large tension bar. In order to reach a large
sample deformation, both incident and transmission bar are 100 m long. The incident
bar is initially fixed at the temporary block with explosive bolts. The free end of
the incident bar is stretched by a hydraulic actuator and part of the bar becomes
prestressed. When the temporary block is suddenly released. A stress pulse can be
generated in the incident bar, with the same length of the prestressed bar. Therefore
a sample displacement of 250 mm was reached by the researchers with a loading speed
range from 5.5 m/s to 41.6 m/s.
Figure 1.9. The basic configuration of a large Hopkinson bar [15]
Although drastically increasing the bar length can result in a large measured
strain, most of the laboratories do not have enough space to set up a long bar system,
especially with a length of several hundred meters. Zhao et al (1997) [16] raised a new
method for large duration measurement with the separation of waves. In this research,
a conventional Kolsky compression bar setup was adopted with two pairs of strain
gages cemented close to both of the ends of the incident bar and another two pairs on
transmission bar. When conducting an experiment, the incident bar is impacted by a
long striker. A stress pulse with the pulse length longer than the incident bar is then
generated. If using an incident bar with one pair of strain gages attached in the middle
14
of the bar, this long stress pulse will overlap with the reflected pulse at the strain gage
position according to the wave propagation theory discussed in the previous section,
which will further lead to difficulties in data reduction. Since there are two pairs of
strain gages at different location, proper wave separation can be achieved through one-
dimensional approximation despite the overlap of stress pulses. Fig. 1.10 illustrates
the recorded strain gage signals and the recovered signal. Correspondence can be
observed between the two signals despite the noise. By further recording multiple
loading cycles, an average cyclic stress-strain curve is shown in Fig. 1.11. The curve
can be found consisting of four cycles and forms an entire stress-strain relation of the
testing material. Therefore an improved measuring duration was accomplished by the
group of researchers by means of long pulse length and cyclic loading with multiple
pulses.
15
Figure 1.10. (a) Measured strain gage signals at both loacations close
to the ends of the incident bar. (b) Recovered signal and recorded
referrence signal at location C – the middle of the incident bar [16]
16
Figure 1.11. A cyclic stress strain curve of a foam material from [16]
17
1.5 Mechanical Properties of Polyurethanes
In recent years polyurethane becomes one of the most versatile materials and is
being used widely. In automotive and aerospace industries, polyurethane is widely
used as automotive bushings and shock absorbers, durable elastomeric wheels and
tires, surface coating and surface sealants, cords as well as hoses. Therefore it is
essential to understand the behavior of these materials in different situations. Early
research on polyurethane started with the microstructure dependency of material
properties. Due to the experimental difficulties, most research was based on quasi-
static response of materials. Russo and Thomas (1983) [17] conducted mechanical
testing on various polyurethanes at low extension rate of 10mm/min (Fig. 1.12).
Figure 1.12. Stress-strain relationship of polyurethanes with different
percentage of hard segment content. [17]
Polyurethane materials are randomly segmented copolymers composed of soft and
hard segments [18]. By comparing specimens with different segment ratio, the above
group of researchers found that the percentage of hard segment in the polyurethane
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was related to the modulus, tensile strength and toughness. The percentage in Fig.
1.12 indicates the hard segment ratio of each kind of specimen. The graph shows that
an increase of material hard segment content leads to an increase of initial modulus,
an increase of maximum strength and an decrease of maximum elongation at which
the specimen breaks.
Furthermore, O’Sickey et al. (2002) [19] performed quasi-static tension tests on
polyurethane with only small percentage of hard segment and pointed out the influ-
ence of chemical variables on the morphology of the materials. Though varying the
hard segment content had only minor effect on structural analysis if compared with
varying soft segment content, the material unload power was found to be dependent
on the hard segment content.
After the material microstructure was generally studied, various of mechanical
experiments were conducted to examine the material rate-dependency. By using a
quasi-static compression testing machine, Qi and Boyce (2005) [10] investigated the
stress-strain behavior of thermoplastic polyurethane at large strains. In this study,
two types of cyclic experiments were performed. The first is cyclic relaxation exper-
iment with intermittent holding periods at certain strain levels during both loading
and unloading. The second is cyclic experiment at different strain rates to identify
the material rate-dependency. Fig. 1.13 shows that the material has very complicated
stress-strain behavior and exhibits significant rate dependence. During cyclic loading
and unloading, the phenomena of hysteresis and softening were clearly observed, while
the softening can be shown upon reloading. Based on the mechanical properties, a
constitutive model was presented. In this model, the rate-dependent hysteresis and
softening were taken into consideration. The material behavior was decomposed into
a rate-independent equilibrium part and a rate-dependent viscoelastic-plastic part.
Finally the model was verified by comparing with compression test results.
The use of split-Hopkinson bar (also named Kolsky bar) enabled high strain rate
experiments to be performed. Sharma et al. (2002) [20] used split-Hopkinson pres-
sure bar (SHPB) together with high-speed photography technique and mentioned
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Figure 1.13. True stress-true strain curves of a thermoplastic
polyurethane under uniaxial compression with a number of intermit-
tent strain hold period. N indicates cycle number. [10]
the stress-strain behavior of polyurethane at 1600/s. Later Yi et al. (2006) [8] also
conducted SHPB testing on Polyurethane and showed strong rate dependence of the
material.
With similar experimental techniques, Sarva et al. (2007) [5] studied polyurea from
low to high strain rates under both tension and compression. The group of researchers
also studied polyurethane but only under compression. Fig. 1.14 shows a complete
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Figure 1.14. A set of true stress-true strain curves of a polyurethane
under compression. [5] [8]
set of true stress-true strain curves of polyurethane from quasi-static to high strain
rates [5]. Together with the existing results from [8], this graph provides the stress-
strain curves from 2×10−3/s−6×103/s of polyurethane. In this study, the transitions
in mechanical behavior for a polyurethane material was also examined. One of the
polyurethane, named PU2 in [8] and [5], transits from rubbery (at ∼ 0.002/s) to
leathery (at ∼ 0.1/s) to glassy (at ∼ 1000/s).
Based on the existing research, many polymers which are similar to polyurethane
have been well studied. But the behavior of polyurethane elastomers, especially
the high strain rate tensile behavior was rarely documented. This is mainly due
to the experimental limitations of high strain rate associated with large specimen
deformation. In many applications, the polyurethane material is mounted to other
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structures, or pre-stretched before subject to impact loading. The response of the
material in such situations is also of interest. The goal of this thesis is to firstly study
the behavior of polyurethane elastomers under both quasi-static and high rate impact
loading, and then study the high strain rate response of pre-loaded polyurethane




2.1 Materials and Specimen Preparation
The polyurethane material studied in this thesis is a sheet product (part No.P295SHA5)
from Polyurethane Products, Corp [21]. The other information about this material
are shown in the following table.
(a) A polyurethane sheet.
(b) A polyurethane specimen.
(c) Specimen dimension.
Figure 2.1. Polyurethane material and specimen.
The sheet material and specimen is shown in Fig. 2.1. In order to make specimens,
the sheet was cut into thin strips with a razor blade. The width of each sample can
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Table 2.1. Information of Polyurethane from Polyurethane Products, Corp
Hardness, Durometer 95 A
Thickness (mm) 1.68
Specific Gravity 1.13
Flash Point ( ◦C) > 300
be different due to cutting error and is measured before each experiment. Then a
pair of scissors are used to further cut the rubber strip to the length of 10 mm.
The specimen dimensions were limited by gripping area of the grips as well as the
force sensor capacity, which will be introduced in Section 2.3.
2.2 Quasi-Static Material Testing System
In order to obtain the material response under quasi-static strain-rate, an MTS
810 material testing machine is used. As Fig. 2.2 shows, an actuator is driven by
hydraulic power and applies the loading of specimens. Due to the slow response of
feed-back control system, the maximum loading speed is limited to 1 m/s. It can
be operated in either force control or displacement control. The MTS features two
close-loop control modes, force and displacement control. If controlled by force, the
system will adjust the speed of the actuator according to the desired force loading
rate. While in displacement control mode, loading rate can be sufficiently consistent
if under 1 mm/s loading rate, which enables quasi-static experiments to be done.
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Figure 2.2. A quasi-static material testing system.
2.3 Modified Kolsky Tension Bar
A Kolsky tension bar is a tension version of a classic Kolsky compression bar.
A modified Kolsky tension bar utilized in this study is shown in Fig. 2.3 and Fig.
2.4 shows the sketch of this apparatus. The entire tension bar system consists of a
loading device, an incident bar, a specimen, a loadcell and a data acquisition system.
The geometric dimensions and mechanical properties of the Kolsky bar are presented
in the Table 2.2.
Given that a tensile stress pulse need to be generated in the incident bar, the
conventional rod-to-rod striking method does not apply directly but can be modified.
In this setup, a brass tube is used as the striker and is initially placed in the middle
of the incident bar. After pushed by the pre-compressed air, the striker will hit the
flange that is connected with the bar end by a fine thread. A compressive pulse will
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Figure 2.3. Photo of the modified Kolsky tension bar.
Figure 2.4. Experimental setup of the modified Kolsky tension bar.
be generated from the interface of flange and striker. Since the flange is thin, the
compressive pulse will quickly hit the back free surface of the flange and be reflected
back as a tensile pulse. This tensile pulse will propagate along the incident bar,
through the strain gages and be recorded as incident pulse.
In compression experiments, the maximum engineering strain of the specimen will
not exceed 100%. However in tension experiments, especially when dealing with a
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Table 2.2. Properties of Kolsky Bar
Properties Incident Bar Striker
Material Aluminum 7075T6 Brass 260
Diameter(mm) 12.7 19.05 OD, 16.56 ID
Length (mm) 3657.6 914.4
Density (kg/m3) 2700 8530
Young’s Modulus (GPa) 70 110
Wave Speed (m/s) 5092 3591
soft material, the sample strain can be as high as 300% - 1000%. Given that the
strain rate is pre-determined by the experimental plan, such a large strain can be
very difficult to achieve when loading with a single pulse due to the length limitation
of striker and incident bar. Therefore several modifications are necessary to record
the specimen response until the specimen fails. One method to achieve the entire
sample response is to use repeated or cyclic loading. In a Kolsky bar experiment, the
incident pulse will propagate back and forth in the incident bar. Every time it travels
to the interface of the bar and sample, the sample will be loaded at a certain strain-
rate and part of the stress energy will be reflected back as reflected pulse. Between
two loading pulses, the sample does not deform, but relaxation may occur. Due to the
short time gap between two loading pulses compared to the relaxation time clock of
the material, the stress relaxation during this time gap is very limited.. By recording
all the transmitted pulses, technically the entire sample response can be obtained. If
using a transmission bar and this bar is not long enough, the early transmitted pulses
will propagate back and forth in the bar and finally overlap with the new transmitted
pulse at the strain gage position, leading to difficulty in data reduction. Avoiding the
overlap sometimes requires the length of the transmission bar to be tens of meters,
which can be infeasible due to the room space limit. Therefore a KISTLER 9712B50
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dynamic loadcell is introduced to replace the transmission bar and directly record the
force history.
It should be noted that there are limitations for such a cyclic tension setup. First,
the specimen should have a big impedance difference with the bar material so that
most of the stress pulse will be reflected back at the interface of bar end and specimen,
leaving only small ratio of stress pulse propagating through the specimen and be
recorded by the loadcell. Thus even after several pulses, the strain rate, which comes
from reflected pulses, can still be treated as constant. Second, this experimental setup
is valid only when the loadcell is considered rigid or nearly rigid. According to Fig.
1.7 in Section 1.3, the equilibrium of the specimen requires
εT = εI + εR (2.1)
Based on the assumption of constant strain rate, εR maintains the same for every
pulse in a certain time period. So it is equal to −εI and
εT = εI + εR = 0 (2.2)
vT = CBεT = 0 (2.3)
This suggests that the loadcell should be fixed to a rigid wall and the force response
during the experiments should be sufficiently low so that the displacement of the
loadcell itself can be neglectable.
2.4 Changing Strain Rate Experimental Setup
The changing strain rate testing represents the experiments of materials initially
at a low rate and then changed to a higher rate. Based on the modified Kolsky tension
bar that is introduced in the previous section, a changing strain rate experiment can
be set up with further modifications. Fig. 2.5 shows the Kolsky tension bar setup.
The major difference between the Kolsky tension bar in Fig. 2.4 and this bar is
the displacement control, force measurement and data acquisition system.
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Figure 2.5. Experimental setup of changing strain rate experiments.
Before the experiment, the flange of the incident bar is initially placed against
the retaining ring inside the momentum trap so that the incident bar can not move
towards the specimen. On the loadcell side, a manual stage with micrometer displace-
ment control is used for quasi-static loading. The stage can only move away from the
specimen so it will not be pulled back by the specimen during loading.
The force measurement is accomplished by using two KISTLER 9712B50 loadcells
in series that are connected with two KISTLER 5010 amplifiers respectively. Amplifier
1 is set to a short time constant, which is the same setup as in Section 2.3. This allows
dynamic force response to be recorded without delay. However due to such a short
time constant, the loadcell cannot record quasi-static force response in a long period
of time. Therefore the amplifier 2 is set to a long time constant for loadcell 2. This
enables the quasi-static force to be captured.
When the experiment starts, the specimen will firstly be loaded at a constant speed
by turning the micrometer with a hand. A stopwatch is used for time reference in order
to maintain the same loading rate. When 2 seconds after the target displacement is
reached, the pre-compressed air is released from the air tank, pushing the striker to
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Figure 2.6. Photo of changing strain rate experimental setup
hit the flange. A tensile stress pulse is then generated and start propagating along
the bar, loading the specimen as a conventional high strain rate tension test. The
striking and loading method have already been discussed in Section 1.3 and 2.3.
The data acquisition system consists of two oscilloscopes. The oscilloscope 1 is
set to a short record length in scale of milliseconds for dynamic force and strain gage
signals, while oscilloscope 2 is set to a long record length in scale of seconds only
for the quasi-static force. The quasi-static displacement is achieved by reading the






where d0 and d are the initial and final reading of micrometer, respectively. LS is the
gage length of the specimen. T is the loading time.
2.5 Gripping Method
In order to securely clamp the sample on both ends, a pair of grips are designed.
Each grip is machined from a 4130 steel rod material and consists of two separated
parts. The bottom half of the grip is a base, with a groove machined into it, while the
upper half is a lid. A small piece of file is cut off and glued to the groove in the base
and another piece of file with same dimension is glued to the lid. The sample will be
placed between the two files in position. The file has a rough and rigid surface which
prevent the sample from slipping. Both of the base and the lid have four holes with
the base having threads in the holes. Therefore the grip can be tightened by four
screws. In the back of each grip, a female thread hole is machined. Then one grip is
connected to the incident bar with a set screw while the other grip is connected to
a loadcell. In order to improve the signal quality and reduce the oscillation, thread
tapes are applied to both set screws. The loadcell features female thread holes on
both sides so it can be secured to the stage through a sample rotator via set screws.
Such sample rotator is an angle-adjustable fixture so that both grips are able to face
the same direction.
2.6 Data Reduction
Based on the tension experimental setup in Fig. 2.5, the strain gages is connected
to a Wheatstone bridge with a half bridge configuration. The configuration of the
bridge is shown in Fig. 2.8. Such a configuration can automatically eliminate the
possible bending effect caused by minor misalignment along the bar system [14].
Before every experiment, it is necessary to adjust the bridge to a balance status in
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Figure 2.7. The grip
order to obtain an accurate output voltage. The relationship between bar strain and





where ε is the bar strain measured by the strain gages, UO is the output voltage
recorded by the oscilloscope, GF is the gage factor of the strain gages and EV is the
excitation voltage of the Wheatstone bridge. In this study, the gage factor GF for
both strain gages is 2.08 and the excitation voltage EV is 28V DC. Then the strain
rate and strain of the specimen can be further determined by using equation (1.12)
and (1.13), respectively.
33
Figure 2.8. The Wheatstone bridge configuration [14]
The force response of the sample is measured by loadcells 1 and 2, which are
connected to amplifiers respectively. So the amplifiers will convert the measured
loadcell signal to an output voltage signal to the oscilloscopes. The sensitivity of
loadcell 1 is 92.4 lbf/V and 95.2 lbf/V for loadcell 2. These values are already entered
into the amplifiers so they will not be included in the force data reduction. Finally,
the force of the specimen can be easily calculated by
F = Uf · S (2.6)
where Uf is the output voltage recorded by the oscilloscopes and S is the scale entered
into the amplifiers. In this study, the scales for both amplifiers are 10.
The strain of the specimen during quasi-static loading can be calculated by as-
suming the loading rate to be constant. According to equation (2.4), the specimen
strain is
ε = ε˙ · t (2.7)
where t is a certain time point during the quasi-static loading.
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Given that at the point which quasi-static loading finishes and high-rate loading
starts, the stress and strain of the specimen shall stay consistent, Both of the high-rate
strain and stress start points of the specimen are chosen to match the finish points
of the corresponding quasi-static data. Therefore the changing strain rate tensile
response of the material can be presented in a single graph.
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3. Results and Discussion
Three groups of experiments are performed to obtain the mechanical response of
polyurethane elastomer at different strain rate levels. In the quasi-static tension, the
stress-strain curves come from the output signals of the loadcell and the MTS system
through calculation. While in the high rate tension, the final results are from the
strain gages on the incident bar and the loadcell. Finally, the changing strain rate
tension results are presented and compared with the other groups of results. All plots
are generated using Matlab.
3.1 Results for Quasi-static Tension
The data of quasi-static tension comes from an oscilloscope that is connected
to the outputs of the MTS machine. The data of one sample is presented below.
The other useful data are provided in the appendix. The displacement and force
signals are shown in Fig. 3.1 and Fig. 3.2. The signals are then smoothened using
Matlab Smooth function in order to reduce the noise and obtain a clearer curve.
The start points of both signals are taken to be the same while the end points are
determined by manually picking the peak point of the force-time curve. Finally the
data are converted to a stress-strain curve as shown in Fig. 3.3. The experiments are
conducted at a constant engineering strain rate of 0.1 /s.
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Figure 3.1. Displacement-time history of sample 25.
Figure 3.2. Force-time history of sample 25.
37
Figure 3.3. Stress-strain curve of sample 25.
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3.2 Results for High Strain Rate Cyclic Tension
The data reduction methods have already been discussed in Section 2.6. The
following graphs show results of one sample. Other results are listed in the appendix.
The recorded strain gage signal and loadcell signal are shown in Fig. 3.4 and Fig.
3.5, respectively. According to the strain gage signal, the duration of each tension
cycle is 1.47 ms with a loading time period of 0.56 ms. The specimen is always
loaded with the same strain level in each cycle. When not under loading, the stress
relaxation can be clearly observed in Fig. 3.5.
Figure 3.4. Recorded strain gage signal of sample 16.
It is noticeable that the distortion of stress wave occurs with the time passing.
This distortion is not obvious in existing monotonic experimental records but can
be frequently observed in cyclic tests. Given that the Kolsky bar experiments are
based on the propagation of a stress wave, the results can be inevitably affected by
any defects or impedance mismatch along the propagation path of the stress wave.
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Figure 3.5. Recorded loadcell signal of sample 16.
Unlike compression bars, which are usually long rods with flat end faces, a incident
bar for tension is more complicatedly machined with male or female threads on both
ends for the flange and installing sample grips. These threads cannot be perfectly
connected with no gap between them, so the interfaces will cause distortion to a stress
wave when it propagates across and this distortion is commonly in the form of a small
spike either positive or negative. As a result, the stress pulse presented in the signal
deviates from a nearly square shape to a square with spikes on the plateau with the
time passing.
Furthermore, the effect of wave dispersion causes the degradation of both shape
and amplitude of the stress pulse. According to Fourier transform theory, a square
pulse consists of infinite pulse components with corresponding frequency and phases.
The wave speed of different frequency components is different. Lower frequency
components have greater speed while the higher frequency components propagate
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slower [22]. This is the wave dispersion and it gradually changes the shape of the
stress pulse with the propagation distance increasing.
In the monotonic experiments, both of the effects above may not be noticeable
among the high frequency noise because of the short record length. But in cyclic
tests, shown in Fig. 3.4, both effects can be clearly observed. As a matter of fact, the
sample is broken at the sixth pulse according to Fig. 3.5 and the corresponding wave
distortion is less than 10% the amplitude of the stress pulse. The strain gage data
can still be used directly despite the wave distortion. Due to such a small distortion,
the cyclic bar strain history can be assumed to be the same repeat of the first loading
cycle, thus giving the same properties for each pulse. Then a strain rate-time graph
can be plotted by picking out the first reflected pulse in Fig. 3.4 and copying for
each loading cycle. When the sample is not under loading, the strain rate is taken as
zero regardless of any small noise or wave distortion. Such a strain rate-time graph
is presented in Fig. 3.6 and the strain rate can be found as 1000 /s. By integrating
the strain rate, a stepwise strain-time graph is then obtained as shown in Fig. 3.7.
By manually aligning the start points of strain gage signal and the loadcell signal,
a stress-strain curve can be obtained as shown in Fig. 3.8. A smoothing function is
used in the data reduction in order to eliminate the noise. Although the sample is
loaded for 6 cycles until failure, the stress-strain curve shows a clear trajectory of an
entire stress-strain behavior of the material at high strain rate.
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Figure 3.6. Strain rate-time relationship of sample 16.
Figure 3.7. Strain-time relationship of sample 16.
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Figure 3.8. Stress-strain curve of sample 16.
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3.3 Results for Changing Strain Rate Tension
By using the experimental method introduced in Section 2.4 and the data re-
duction method in Section 2.5, the results for changing strain rate tension of a
polyurethane elastomer can be obtained. The following graphs shows one result of
sample 20. The other results can be found in appendix. In order to maintain consis-
tency with the previous experiments, the target strain rates are taken the same value
as the quasi-static and high rate tension, which are 0.1/s and 1000/s respectively.
Figure 3.9. Quasi-static loadcell record of sample 20.
Fig. 3.9 shows the loadcell records for quasi-static tension from oscilloscope 2.
The sample is loaded for 10 seconds and then relaxed for 2 seconds. The relaxation
time was not fully avoided during every experiments but was maintained at the same
value. After the quasi-static loading is done, the high strain rate cyclic load is applied
to the sample. The strain gage and loadcell-2 records are plotted in Fig. 3.10 and
Fig. 3.11. Since the amplifier-2 is set a short time constant, the loadcell-2 can only
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Figure 3.10. Recorded strain gage signal of sample 20.
record the high rate force response while the quasi-static loading is ”invisible” to
it. Instead of an absolute value, such a force response represents the additional load
difference based on the quasi-static loading that the loadcell is subject to. The entire
stress-time or strain-time relationships are not to be presented here because of the
huge time difference. Based on the experimental records, the stress strain curves for
both quasi-static and high rate are obtained. Then by manually align the finish and
start points of the two curves, the entire stress-strain curve is achieved as shown in
Fig. 3.12. The Smooth function in Matlab is used to reduce the noise during the
data reduction.
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Figure 3.11. High rate loadcell record of sample 20.
Figure 3.12. Stress-strain curve of sample 20.
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Figure 3.13. The comparison of stress-strain curves of polyurethane
at different strain rates.
In order to provide a better view that how the changing strain rate stress-strain
curve is related to the quasi-static and high rate results, the three curves are plotted
together in Fig. 3.13. It can be clearly observed that the polyurethane material used
in this study is strain rate sensitive. When subject to a higher strain rate load, the
material exhibits higher stress at the same strain level. It can be shown that in the
quasi-static loading area, the stress-strain behaviors of the material are consistent.
When the strain rate changes, the material behavior tends to approach the curve at
the target strain rate. However, instead of directly jumping to the high rate curve,
the stress of the material increases gradually and is able to reach the high rate curve
after two stress pulses. The maximum engineering strain for the material is smaller at
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a high strain rate, but no obvious difference is observed between the high rate result




Through three groups of experiments at different strain rates, the cyclic tensile re-
sponse of a polyurethane elastomer was determined. Three strain rate sensitivity
was observed on this material. Furthermore, the experiments provided insight into
the material response under multi-strain-rate loading conditions. A modified Kol-
sky tension bar setup was introduced and the test conditions were consistent. The
results indicate that the material has a trend to gradually approach the mechanical
behavior at the target strain rate when subject to a changed higher strain rate during
loading. Under quasi-static loading (ε˙ = 0.1/s), the tensile stress-strain behavior of
this polyurethane is slightly non-linear. The axial stress is about 10 MPa at 100%
engineering strain, ∼ 17 MPa at 200% strain and 23 MPa at 300% strain. At a
high rate of 1000/s, the stress is ∼ 30 MPa at 100% strain, 38 MPa at 200% strain
and 45 MPa at 300% strain, which indicates significant rate sensitivity of the mate-
rial. During an experiment where the rate change from 0.1/s to 1000/s, when the
stress is less than 100% where the change occurs, the stress-strain behavior follows
the quasi-static response. After the rate change, the stress at 100% strain did not
change immediately. Rather, it gradually deviates from the quasi-static behavior and
approaches the high-rate stress-strain behavior at about 250% strain. These exper-
iments results provide new inspiration for further experiments and future research
and will also increase the understanding of the mechanical behaviors of polyurethane




The experiments have been conducted in this study were able to provide insight into
the changing strain rate behavior of polyurethane elastomers. But there is still much
work that can be done in the future. First of all, in this study, only one quasi-static
and high strain rate combination was chosen and studied. More different strain rate
combinations, especially with higher strain rates, will be of interest in order to provide
a systematic mechanical behavior of polyurethane elastomers. Secondly, given that
polyurethane exhibits noticeable stress relaxation, the waiting time between quasi-
static and high rate loading may have an effect on the material behavior as well.
Finally, a precise control method towards the quasi-static loading rate and waiting
time will be further desired. Such a experimental setup integrated with the Kolsky
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Figure A.1. Displacement-time history of sample 22.
56
Figure A.2. Force-time history of sample 22.
Figure A.3. Stress-strain curve of sample 22.
57
A.1.2 Sample 23
Figure A.4. Displacement-time history of sample 23.
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Figure A.5. Force-time history of sample 23.
Figure A.6. Stress-strain curve of sample 23.
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A.1.3 Sample 22
Figure A.7. Displacement-time history of sample 26.
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Figure A.8. Force-time history of sample 26.
Figure A.9. Stress-strain curve of sample 26.
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A.2 High Strain Rate Cyclic Tension
A.2.1 Sample 13
Figure A.10. Recorded strain gage signal of sample 13.
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Figure A.11. Recorded loadcell signal of sample 13.
Figure A.12. Stress-strain curve of sample 13.
A.2.2 Sample 14
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Figure A.13. Recorded strain gage signal of sample 14.
Figure A.14. Recorded loadcell signal of sample 14.
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Figure A.15. Stress-strain curve of sample 14.
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A.2.3 Sample 15
Figure A.16. Recorded strain gage signal of sample 15.
Figure A.17. Recorded loadcell signal of sample 15.
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Figure A.18. Stress-strain curve of sample 15.
A.3 Changing Strain Rate Tension
A.3.1 Sample 18
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Figure A.19. Quasi-static loadcell record of sample 18.
Figure A.20. Recorded strain gage signal of sample 18.
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Figure A.21. High rate loadcell record of sample 18.
Figure A.22. Stress-strain curve of sample 18.
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A.3.2 Sample 19
Figure A.23. Quasi-static loadcell record of sample 19.
Figure A.24. Recorded strain gage signal of sample 19.
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Figure A.25. High rate loadcell record of sample 19.
Figure A.26. Stress-strain curve of sample 18.
